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Abstract
Grafting is a widely used practice in fruit-bearing vegetables. However, why grafting affects plant growth, fruit yield, and quality, especially
from the aspect of mineral nutrition, remains unclear. In this study, watermelon cultivar ‘Zaojia 8424’ was grafted onto bottle gourd ‘Jingxinzhen
1’ (Lagenaria siceraria) and pumpkin ‘Qingyanzhen 1’ (Cucurbita maxima × C. moschata). Non-grafted plants were used as the control. Results
show that rootstock grafting significantly increases plant growth and single fruit weight of watermelon. Watermelon grafted onto rootstocks, es-
pecially pumpkin, exhibits significantly higher root volume, root surface area, and number of root tips and forks in comparison with non-grafted
plants. Fruit flesh, rind firmness, and rind thickness were enhanced by grafting. However, fruit soluble solids and taste significantly decreased in
plants grafted onto pumpkin. The total uptake (mg · plant−1) and concentration (mg · g−1 DW) of N, K, Ca, Fe, Mg, and Mn in root, stem, leaf,
fruit rind, and flesh were generally higher in grafted plants compared to non-grafted ones, especially for N of pumpkin rootstock-grafted plants.
The total uptake of nutrients of plants grafted onto bottle gourd and pumpkin was increased by 30.41% and 49.14% at fruit development stage
and by 21.33% and 47.46% at fruit maturation stage, respectively, compared with non-grafted plants. We concluded that watermelon grafting
onto suitable rootstocks can increase the uptake of mineral nutrition, especially for N in the pumpkin rootstock grafted plants, thereby affecting
plant growth, fruit yield, and quality.
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1. Introduction
Watermelon is widely cultivated across the world. China is
the leading producer of watermelon worldwide. Owing to the
limited availability of arable land and high market demand, wa-
termelon plants are continuously cultivated under unfavorable
conditions in certain regions in China. Successive cropping can
increase the incidence of soil-borne diseases (like Fusarium wilt)
and unfavorable conditions, including low temperature, salin-
ity, and low light intensity and quality, which widely affect plant
growth and development of watermelon (Davis et al., 2008). Graft-
ing of susceptible watermelon cultivars onto resistant rootstocks
is used to control soil-borne disease (Yetisir et al., 2003; Miguel
et al., 2004; Thies et al., 2010). Moreover, grafting can in-
crease watermelon tolerance to low temperature (Liu et al., 2004a),
salinity (Colla et al., 2006), flooding (Yetisir et al., 2006), and
alkalinity (Colla et al., 2010), as well as enhance the uptake and
utilization of nitrogen (Pulgar et al., 2000; Colla et al., 2011),
phosphorus (Zhang et al., 2012), and potassium (Huang et al.,
2013). Therefore, grafting is widely used as a tool for biotic and
abiotic stress tolerance in the world.
Bottle gourd (L. siceraria) and pumpkin (Cucurbita
maxima × C. moschata) are often used as rootstocks for water-
melon (Davis et al., 2008). Plant growth, single fruit weight, and
fruit quality are affected by rootstocks. Yetisir and Sari (2004)
tested the effect of 11 rootstocks on watermelon. All grafted plants
produced more biomass than non-grafted plants. In general, in-
terspecific hybrid pumpkin rootstocks are more vigorous in
comparison with bottle gourd rootstocks (Davis et al., 2008).
‘Shintoza’ rootstock (C. maxima × C. moschata) grafting
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increased watermelon single fruit weight and yield (Miguel et al.,
2004). On the other hand, several researchers reported that in-
terspecific pumpkin grafting decreases taste, total soluble solids
(TSS), and sugar content of watermelon fruits (Ioannou et al.,
2002; Liu et al., 2004b, 2006). However, significant adverse effect
on fruit quality is generally not observed in watermelon fruits
grafted onto bottle gourd (Salam et al., 2002; Turhan et al., 2012).
Rootstock is responsible for the uptake of mineral nutrients in
grafted plants, and various rootstocks may result in different con-
centration of nutrients reaching the stems, leaves, and fruits of
grafted plants in comparison with non-grafted plants. Effects of
rootstock on uptake and utilization of certain mineral nutrients in
watermelon plant have been reported in previous studies, and ef-
ficiency of nutrient uptake and utilization is often related to
rootstock and scion combinations (Rivero et al., 2004; Colla et al.,
2011; Huang et al., 2013; Yetisir et al., 2013). Plant nutrition may
vary at different growth stages. In addition, as plant growth, fruit
yield, fruit quality, and mineral nutrition were measured sepa-
rately in previous studies, no comprehensive data are available on
the relationship between mineral nutrition and plant growth, fruit
yield, and quality of grafted watermelon. Therefore, this work aims
to investigate how rootstock grafting induces changes in plant
growth, fruit yield, and quality of watermelon by changing uptake
of mineral nutrients at different stages, with widely used pumpkin
and bottle gourd cultivars as rootstocks.
2. Materials and methods
2.1. Materials and growth conditions
The experiment was conducted under a plastic greenhouse
during March to July 2012 at the National Center of Vegetable
Improvement in Huazhong Agricultural University, Central China.
‘Zaojia 8424’ [Citrullus lanatus (Thunb.) Matsum. and Nakai,
Xinjiang Academy of Agricultural Sciences, China] was grafted
onto two rootstocks: ‘Jingxinzhen 1’ (L. siceraria Standl., Beijing
Vegetable Research Center, China) and ‘Qingyanzhen 1’ [(C.
maxima × C. moschata), Qingdao Academy of Agricultural Sci-
ences, China], using the procedure of ‘insertion grafting’ as
described by Lee (1994). Non-grafted ‘Zaojia 8424’ plants were
used as control. ‘Zaojia 8424’ was selected as the representa-
tive watermelon hybrid that is commercially cultivated in China.
When the third true leaf of grafted or non-grafted plants
emerged, plants were transplanted into plastic pots containing
10 L of substrate (peat:vermiculite:perlite = 1:1:1, volume ratio),
with each pot containing one watermelon seedling. Pots were
arranged at 150 cm row spacing and spaced 50 cm apart. Three
treatments are as follows: non-grafted ‘Zaojia 8424’ (Z), ‘Zaojia
8424’ grafted onto ‘Jingxinzhen 1’ (Z/J), ‘Zaojia 8424’ grafted
onto ‘Qingyanzhen 1’ (Z/Q). The treatments were replicated three
times and arranged in a randomized complete block design. Each
replicate consisted of 18 plants. Plants were trained vertically,
only the main stem was propped out with rope during growth,
and one fruit was allowed to develop on each plant. Insects, dis-
eases, and weeds were controlled by standard practices for
watermelon. During cultivation in the plastic greenhouse, day
temperature ranged between 16 °C and 36 °C (mean tempera-
ture, 28 °C), night temperature was maintained above 14 °C, and
day relative humidity was 30% to 93% (mean relative humid-
ity, 64%).
The plants were irrigated with full strength Hoagland nutri-
ent solutions (Hoagland and Arnon, 1950). The nutrient solution
was pumped from tanks through a drip-irrigation system, with
two emitters per plant, at the flow rate of 2 L · h−1. The amount
of irrigation solution applied for each plant was 0 to 3 L per day,
depending on plant growth stage and environmental conditions.
2.2. Plant growth measurement
Three plants from each treatment were harvested at the vine
growth stage (26 days after planting), fruit development stage
(14 days after pollination), and fruit maturation stage (31 days
after pollination), separately. The plant was cut into roots, stem,
leaf, fruit rind, and fruit flesh (fruit maturation stage). Then, roots,
stem, leaf, fruit rind, fruit flesh were placed in an oven at 105 °C
for 15 min, followed by 70 °C for 3 days to measure dry weight.
Root morphology analysis was performed by harvesting roots
at the fruit development stage (14 days after pollination), rinsed
and put in a transparent tray with distilled water, separated from
each other by hand, and placed on the Imagery Scan Screen
(Epson Expression 11000XL, Regent Instruments, Canada). The
volume, surface area, and the number of tips and forks of roots
were measured by image analysis using the WinRHIZO 2003a
software (Regent Instruments Inc., Quebec, Canada).
2.3. Determination of single fruit weight
Fully mature fruits were harvested on July 5 (31 days after
pollination). Single fruit weight is the mean of three randomly
selected fruits harvested at fruit maturating stage per replicate.
After the determination of single fruit weight, fruits were used
to determine fruit quality (rind and flesh firmness, rind thick-
ness, soluble solid content, and taste).
2.4. Determination of rind and flesh firmness and rind thickness
Rind and flesh firmness were measured by using a penetrom-
eter (GY-4, Zhejiang Top Instrument Co., Ltd., Zhejiang, China)
equipped with a 7.9 mm puncture probe. Three fruits are in-
cluded for each replicate, and each fruit was measured three times.
Rind firmness was recorded as the maximum resistance force
that is used to penetrate around the heart of each fruit in cross
section to a depth of 10 mm. Firmness of the edge flesh was mea-
sured after removal of the rind. Rind thickness was measured
using a digital vernier caliper.
2.5. Determination of total soluble solids (TSS) content and taste
Nine fruits for each treatment, with 3 fruits for each repli-
cate, were used. TSS was determined by squeezing the juice of
the replicate fruit flesh onto a digital refractometer (Atago Co.,
Ltd, Tokyo, Japan), and the results were expressed as °Brix. The
taste was determined by a panel of 15 tasters, following a 1–5 scale
(where 1 = very bad, 2 = bad, 3 = medium, 4 = good, 5 = very good).
2.6. Measurement of mineral nutrition
The dried powders of roots, stem, leaf, fruit rind, and flesh
were digested in a mixture of H2SO4–H2O2 (volume ratio 5:1).
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Three replicates are included in each treatment. The concentra-
tion of N was determined by regular Kjeldahl method (Bremner,
1965), and the concentration of P was measured by
phosphomolybdate blue method (Murphy and Riley, 1962). The
concentrations of K, Ca, Mg, Fe, Mn, Cu, and Zn were deter-
mined using atomic absorption spectrometry (Varian spectra AA
220, Varian, Palo Alto, CA, USA). Mineral concentration of whole
plant (mg · g−1 DW) = (A + B + C)/(D + E + F), whereas A = leaf
mineral element concentration × leaf dry weight, B = stem mineral
element concentration × stem dry weight, C = root mineral element
concentration × root dry weight, D = leaf dry weight, E = stem
dry weight, and F = root dry weight. Uptake of minerals of whole
plant (mg · plant−1) = A + B + C. The N and P value is ex-
pressed with the whole N and P, not as N2O and P2O5.
2.7. Statistical analysis
Differences between grafting combinations in the same growth
stage were analyzed by using Duncan’s multi-range test at P < 0.05
level, and values are means ± SE of three replicates. Correla-
tions between mineral nutrition and plant growth, single fruit
weight, and fruit quality were analyzed. Levels of significance
are represented by * (P < 0.05), ** (P < 0.01) and *** (P < 0.001)
(n = 9). Statistical analyses were performed by using SAS sta-
tistical software (SAS 8.0, SAS Institute Inc., Cary, NC, USA).
3. Results
3.1. Plant growth
Dry weights of leaves, stem, roots, and whole plant at vine
growth, fruit development, and maturation stages were signifi-
cantly higher in Z/J and Z/Q in comparison with Z (Fig. 1). Leaf
dry weight was increased by 19.46% and 37.55%, whereas
root dry weights were increased by 16.92% and 14.87%; and stem
dry weights of Z/J and Z/Q were increased by 20.29% and 44.43%
at fruit maturation stage, respectively, in comparison with Z. Simi-
larly, the dry weight of whole plant was increased by 19.68%
and 24.97% at vine growth stage, 16.12% and 23.02% at fruit
developmental stage, and 19.62% and 38.81% at fruit matura-
tion stage of Z/J and Z/Q, respectively, in comparison with Z.
Grafted plants produced significantly higher root volume, root
surface area, and number of root tips and forks than non-
grafted plants (Figs. 2, 3). However, Z/Q presented similar root
volume but significantly higher root surface area and number
of root tips and forks in comparison with Z/J (Fig. 3).
3.2. Single fruit weight and quality
Z/J and Z/Q plants showed significantly increased single fruit
weight by 12.94% and 24.53%, respectively, in comparison with
non-grafted plants (Table 1). Z/J did not present a significant effect
on taste and TSS of fruit in comparison with non-grafted plants
(Table 1), whereas Z/Q significantly decreased taste and TSS by
5.85% and 4.23%, respectively (Table 1). Compared with non-
grafted plants, Z/J significantly increased rind and flesh firmness
and rind thickness by 8.61%, 41.72%, and 9.48%, respectively,
while in the Z/Q plants, the corresponding values were 12.15%,
59.94%, and 10.76%, respectively (Table 1).
3.3. Mineral nutrition
3.3.1. Mineral concentration in roots
Grafted plants show significantly higher concentration of
Fe, Mn, and Cu at vine growth stage, N, Ca, and Zn at the fruit
Fig. 1 Dry weight of leaf, roots, stem and total plant of non-grafted watermelon (Z), grafted onto ‘Jingxinzhen 1’ (Z/J) and ‘Qinyanzhen 1’ (Z/Q)
Vine growth stage (26 days after planting); fruit development stage (14 days after pollination); fruit maturation stage (31 days after pollination).
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development stage, and Ca, Mg, Fe, and Zn at the fruit matu-
ration stage. Meanwhile, low concentration of P at vine growth
stage, Fe and Cu at fruit development stage, and N at fruit matu-
ration stage was observed in comparison with non-grafted plants
(Table 2). Z/J grafted plants significantly increased K concen-
tration at fruit development stage and decreased N concentration
at vine growth stage in comparison with non-grafted plants
(Table 2). Comparison with non-grafted plants and Z/Q grafted
plants significantly increased N and Zn concentration at vine
growth stage, and P, K, and Mn concentration at fruit matura-
tion stage (Table 2).
3.3.2. Mineral element concentration in stems
Grafted plants presented significantly higher Mn, lower P and
K concentrations at vine growth stage, and lower Fe and Cu con-
centrations at fruit maturation stage in comparison with control
Fig. 2 Roots morphology of plant
Z: non-grafted; Z/J: grafted onto ‘Jingxinzhen 1’; Z/Q: ‘Qinyanzhen 1’.
Root samples were harvested at fruit development stage (14 days after pollination).
Fig. 3 Root architecture comparison of non-grafted (Z), grafted onto ‘Jingxinzhen 1’ (Z/J) and grafted onto ‘Qinyanzhen 1’ (Z/Q)
Different letters between grafting combinations indicate significant difference at P < 0.05 level. Root samples were harvested at fruit development stage
(14 days after pollination).
Table 1 Single fruit weight, rind and flesh firmness, rind thickness, taste and total soluble solids content of non-grafted watermelon (Z),
grafted onto ‘Jingxinzhen 1’ (Z/J), and ‘Qinyanzhen 1’ (Z/Q)
Graft combinations Single fruit weight/g Rind firmness/(kg · cm−2) Flesh firmness/(kg · cm−2) Rind thickness/mm Taste Total soluble solids/°Brix
Z 1 182 c 25.43 b 6.64 b 10.13 b 3.42 a 11.35 a
Z/J 1 335 b 27.62 a 9.41 a 11.09 a 3.49 a 11.55 a
Z/Q 1 472 a 28.52 a 10.62 a 11.22 a 3.22 b 10.87 b
Note: Different letters between combinations indicate significant difference at P < 0.05 level.
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(Table 3). Compared with non-grafted plants, Z/J grafted plants
significantly increased Fe and Cu concentration at vine growth
stage, and Fe and Zn concentration at fruit development stage
in stem, whereas the concentration of P decreased at fruit de-
velopment stage, and Mn concentration decreased at fruit
maturation stage (Table 3). In plants grafted onto ‘Qingyanzhen
1’, increased N, K, Mn, and Cu concentrations were observed
at fruit development stage. Increased P and Mg concentration
at fruit maturation stage were observed, whereas the concentra-
tion of Zn was decreased at vine growth stage in comparison
with non-grafted plants (Table 3). In comparison with non-
grafted plants, the total mineral concentration in the stem was
decreased by 12.94% and 5.40% at vine growth stage, in-
creased by 4.65% and 13.22% at fruit development stage, and
increased by 1.88% and 5.81% at maturation stage in Z/J and
Z/Q plants, respectively (Table 3).
3.3.3. Mineral element concentration in leaves
In grafted plants, significantly higher concentration of K
and Ca was found at fruit development stage, whereas the
concentration of P decreased at vine growth stage in compari-
son with non-grafted plants (Table 4). The concentration of Mg,
Fe, and Mn increased at vine growth and fruit development stages,
and Mg and Fe increased at fruit maturation stage. Meanwhile,
the concentration of Ca and Zn decreased at fruit maturation stage
in plants grafted onto ‘Qingyanzhen No.1’ in comparison with
the control (Table 4). The total mineral concentration in leaves
increased by 1.32% and 2.50% at vine growth stage, 16.55% and
26.41% at fruit development stage, and 0.89% and 5.69% at fruit
maturation stage in Z/J and Z/Q grafted plants, respectively, in
comparison with non-grafted plants (Table 4).
3.3.4. Mineral concentration in whole plant (roots, stem, and
leaf)
Grafting significantly increased K concentration in whole plant
at fruit development and maturation, Ca concentration at fruit
development, and Fe concentration at vine growth and fruit de-
velopment stages, respectively, in comparison with non-grafted
plants (Table 5). ‘Jingxinzhen 1’ rootstock significantly in-
creased N concentration at vine growth and fruit development
Table 2 Mineral concentration in the roots of non-grafted watermelon plants (Z), and grafted onto
‘Jingxinzhen 1’ (Z/J) and ‘Qinyanzhen 1’ (Z/Q) mg · g−1 DW
Growth stage Graft combinations N P K Ca Mg Fe Mn Cu Zn
Vine growth stage Z 35.150 b 5.099 a 45.489 a 9.233 a 3.740 a 0.084 c 0.161 b 0.005 c 0.233 b
Z/J 29.217 c 3.326 b 48.186 a 9.708 a 3.725 a 0.174 a 0.272 a 0.024 a 0.281 ab
Z/Q 41.834 a 3.326 b 40.062 b 8.360 a 2.325 b 0.110 b 0.224 a 0.012 b 0.348 a
Fruit development stage Z 35.850 b 7.080 a 31.151 b 6.938 c 2.951 a 0.176 a 0.115 a 0.011 a 0.181 b
Z/J 46.315 a 6.273 a 40.943 a 9.398 a 2.817 a 0.093 c 0.118 a 0.006 b 0.293 a
Z/Q 44.193 a 4.485 b 31.050 b 8.585 b 2.024 b 0.120 b 0.081 b 0.005 b 0.287 a
Fruit maturation stage Z 55.333 a 5.792 b 40.522 b 28.790 b 6.523 b 0.071 c 0.125 b 0.013 b 0.118 b
Z/J 48.053 b 6.178 ab 48.739 b 36.810 a 8.530 a 0.130 b 0.192 b 0.019 a 0.160 a
Z/Q 39.371 c 6.867 a 77.701 a 38.669 a 9.960 a 0.195 a 0.435 a 0.011 b 0.181 a
Note: Different letters between grafting combinations in the same stage indicate significant difference at P < 0.05 level.
Table 3 Mineral concentration in the stem of non-grafted watermelon plants (Z), grafted onto
‘Jingxinzhen 1’ (Z/J) and ‘Qinyanzhen 1’ (Z/Q) mg · g−1 DW
Growth stage Graft combinations N P K Ca Mg Fe Mn Cu Zn
Vine growth stage Z 57.193 a 6.510 a 107.185 a 11.304 ab 3.985 ab 0.224 b 0.009 c 0.005 b 0.066 a
Z/J 55.081 a 5.055 b 83.559 c 14.354 a 3.841 b 0.370 a 0.016 b 0.009 a 0.067 a
Z/Q 57.786 a 4.912 b 98.493 b 10.273 b 4.635 a 0.238 b 0.021 a 0.005 b 0.052 b
Fruit development stage Z 39.398 b 5.233 a 72.214 b 15.996 a 4.832 ab 0.289 b 0.015 b 0.005 b 0.079 b
Z/J 42.272 ab 4.099 b 76.188 ab 17.219 a 4.158 b 0.407 a 0.014 b 0.005 b 0.113 a
Z/Q 47.053 a 5.685 a 82.804 a 15.256 a 5.124 a 0.297 b 0.022 a 0.013 a 0.065 b
Fruit maturation stage Z 37.877 a 3.540 b 78.393 a 15.658 a 5.163 b 0.393 a 0.014 a 0.020 a 0.059 a
Z/J 43.589 a 4.615 ab 73.585 a 16.294 a 5.391 b 0.211 c 0.010 b 0.002 b 0.070 a
Z/Q 44.138 a 4.954 a 77.066 a 15.523 a 7.236 a 0.303 b 0.015 a 0.002 b 0.072 a
Note: Different letters between grafting combinations in the same stage indicate significant difference at P < 0.05 level.
Table 4 Mineral concentration in the leaf of non-grafted watermelon plants (Z), grafted onto
‘Jingxinzhen 1’ (Z/J) and ‘Qinyanzhen 1’ (Z/Q) mg · g−1 DW
Growth stage Graft combinations N P K Ca Mg Fe Mn Cu Zn
Vine growth stage Z 56.363 a 5.786 a 78.590 a 27.613 a 5.266 b 0.054 b 0.027 b 0.024 a 0.119 a
Z/J 59.905 a 4.877 b 76.970 a 28.783 a 5.383 b 0.056 b 0.048 b 0.012 b 0.108 a
Z/Q 57.132 a 3.736 c 80.248 a 28.919 a 7.818 a 0.123 a 0.093 a 0.010 b 0.108 a
Fruit development stage Z 45.298 a 5.762 a 61.019 c 27.017 b 6.870 b 0.069 b 0.049 b 0.005 a 0.128 a
Z/J 50.773 a 5.198 a 72.650 b 35.160 a 6.408 b 0.061 b 0.044 b 0.007 a 0.118 a
Z/Q 47.308 a 5.334 a 83.784 a 38.969 a 9.118 a 0.118 a 0.087 a 0.004 a 0.114 a
Fruit maturation stage Z 45.065 a 6.718 ab 67.933 a 61.904 a 7.557 b 0.131 b 0.044 a 0.003 a 0.180 a
Z/J 41.650 a 6.974 a 74.235 a 60.523 a 7.484 b 0.142 ab 0.050 a 0.003 a 0.160 ab
Z/Q 47.741 a 5.500 b 81.947 a 54.502 b 10.224 a 0.189 a 0.067 a 0.004 a 0.139 b
Note: Different letters between grafting combinations in the same stage indicate significant difference at P < 0.05 level.
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stages and P concentration at fruit maturation stage in compari-
son with control (Table 5). ‘Qingyanzhen 1’ rootstock significantly
increased N, Mg, and Mn concentrations, while decreasing P con-
centration at all stages of plant development in comparison with
control (Table 5).
3.3.5. Uptake of mineral elements of whole watermelon plant
(roots, stem, and leaf)
The grafted plants exhibited higher uptake of minerals at all
growth stages in comparison with non-grafted plants (Table 6).
At fruit maturation stage, the uptakes of N, P, and K in plants
grafted onto ‘Jingxinzhen 1’ were 18.25%, 31.11%, and 24.11%
higher, and the value of N, P, and K uptake were 48.57%, 33.06%,
and 58.32% higher in plants grafted onto ‘Qingyanzhen 1’ in
comparison with non-grafted plants, respectively (Table 6).
3.3.6. Mineral concentration of fruit rind and flesh
The concentration of all elements was increased in the rind
of the fruits of grafted plants in comparison with control. The
total mineral concentration in the rind of fruits of Z/J and Z/Q
was increased by 28.64% and 28.98%, respectively, compared
with that of the control (Table 7). No significant effect on the
concentration of K, Mg, Mn, Cu, and Zn was observed in the
flesh of fruits of grafted plants in comparison with the control
values (Table 7). The concentration of P was increased in the
flesh of fruits of plants grafted onto ‘Jingxinzhen 1’, whereas
the concentration of Ca and Fe was substantially decreased.
Grafting watermelon onto ‘Qingyanzhen 1’ significantly in-
creased N (45.27%), whereas the concentrations of P, Ca, and
Fe of flesh was not affected, in comparison with non-grafted
plants (Table 7).
3.4. Correlation coefficient between mineral nutrition and plant
growth, single fruit weight and fruit quality
Correlation analysis (Table 8) shows that the dry weight of
leaves is significantly correlated with N (r = 0.99***), K
(r = 0.99***), Ca (r = 0.99***), and Mg (r = 0.99***) concen-
tration in the leaf. Similarly, dry weight of stem is significantly
correlated with N (r = 0.99***), K (r = 0.97***), Ca (r = 0.98***),
and Mg (r = 0.94***) concentration of the stem.
Table 5 Mineral concentration of whole non-grafted watermelon plants (Z), grafted onto
‘Jingxinzhen 1’ (Z/J) and ‘Qinyanzhen 1’ (Z/Q) mg · g−1 DW
Growth stage Growth combinations N P K Ca Mg Fe Mn Cu Zn
Vine growth stage Z 55.28 b 5.97 a 85.52 a 21.30 b 4.77 b 0.11 b 0.030 c 0.017 a 0.109 a
Z/J 56.19 a 4.82 b 77.03 c 22.83 a 4.77 b 0.16 a 0.054 b 0.012 b 0.107 a
Z/Q 56.22 a 4.08 c 83.14 b 21.46 b 6.40 a 0.16 a 0.080 a 0.009 c 0.108 a
Fruit development stage Z 43.04 b 5.60 a 64.52 c 22.76 c 6.08 b 0.15 b 0.038 b 0.005 c 0.111 b
Z/J 47.60 a 4.82 b 73.37 b 28.16 b 5.52 c 0.19 a 0.034 b 0.006 b 0.119 a
Z/Q 47.16 a 5.45 c 82.49 a 29.57 a 7.50 a 0.18 a 0.063 a 0.007 a 0.099 c
Fruit maturation stage Z 43.11 b 5.59 b 70.19 c 44.60 a 6.69 b 0.22 a 0.038 c 0.009 a 0.136 a
Z/J 42.61 b 6.13 a 72.83 b 44.28 a 6.82 b 0.17 b 0.043 b 0.003 c 0.129 b
Z/Q 46.13 a 5.36 c 80.05 a 40.06 b 9.15 a 0.23 a 0.063 a 0.004 b 0.117 c
Note: Different letters between grafting combinations in the same stage indicate significant difference at P < 0.05 level.
Table 6 Uptake of mineral elements of whole non-grafted watermelon plants (Z), grafted onto
‘Jingxinzhen 1’ (Z/J) and ‘Qinyanzhen 1’ (Z/Q) mg · plant−1 DW
Grow stage Growth combinations N P K Ca Mg Fe Mn Cu Zn
Vine growth stage Z 177.49 b 19.17 a 274.57 b 68.40 b 15.30 c 0.35 b 0.10 c 0.054 a 0.35 b
Z/J 215.87 a 18.53 ab 295.94 b 87.72 a 18.34 b 0.63 a 0.21 b 0.046 b 0.41 a
Z/Q 225.55 a 16.37 b 333.52 a 86.08 a 25.67 a 0.64 a 0.32 a 0.034 c 0.43 a
Fruit development stage Z 1 383.94 c 179.90 b 2 074.23 c 731.97 c 195.50 c 4.79 b 1.22 b 0.164 c 3.58 c
Z/J 1 776.98 b 179.83 b 2 739.38 b 1 051.44 b 206.24 b 7.01 a 1.28 b 0.233 b 4.45 a
Z/Q 1 865.25 a 215.58 a 3 262.79 a 1 169.44 a 296.63 a 7.32 a 2.48 a 0.292 a 3.90 b
Fruit maturation stage Z 1 696.09 c 220.03 b 2 761.74 c 1 754.27 b 263.34 b 8.55 b 1.48 c 0.364 a 5.35 b
Z/J 2 005.58 b 288.49 a 3 427.73 b 2 084.05 a 320.81 b 7.77 b 2.02 b 0.160 b 6.08 ab
Z/Q 2 519.83 a 292.78 a 4 372.25 a 2 188.65 a 500.04 a 12.54 a 3.44 a 0.195 b 6.39 a
Note: Different letters between grafting combinations in the same stage indicate significant difference at P < 0.05 level.
Table 7 Mineral element concentrations in the rind and flesh of watermelon fruit, either non-grafted (Z), grafted onto
‘Jingxinzhen 1’ (Z/J) and ‘Qinyanzhen 1’ (Z/Q) mg · g−1 DW
Part of fruit Combinations N P K Ca Mg Fe Mn Cu Zn
Rind Z 15.629 b 7.811 b 88.679 b 3.107 c 2.725 c 0.229 b 0.095 c 0.005 b 0.045 b
Z/J 24.040 a 11.722 a 107.482 a 5.237 a 3.224 b 0.303 a 0.130 b 0.014 a 0.063 a
Z/Q 22.247 a 11.870 a 109.226 a 5.102 a 3.552 a 0.347 a 0.195 a 0.012 a 0.059 ab
Flesh Z 9.033 b 4.648 b 18.531 a 1.873 a 1.850 a 0.344 a 0.057 a 0.028 a 0.034 a
Z/J 10.946 b 5.665 a 19.154 a 1.432 b 1.794 a 0.221 b 0.055 a 0.028 a 0.037 a
Z/Q 13.122 a 4.849 b 20.856 a 1.896 a 1.884 a 0.292 a 0.053 a 0.026 a 0.037 a
Note: Different letters between grafting combinations in the same stage indicate significant difference at P < 0.05 level.
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4. Discussion
4.1. Relationship between plant growth and mineral nutrition
Grafting of watermelon onto different rootstocks increases
plant growth (Yetisir and Uygur, 2009; Colla et al., 2010;
Petropoulos et al., 2012; Huang et al., 2013). In this study, stem,
leaf, and whole plant growth was enhanced by rootstock, espe-
cially for pumpkin rootstock. Our results are similar with those
in previous studies, in which the authors found that pumpkin-
grafted plants increased the vigor of watermelon plants (Yamasaki
et al., 1994; Yetisir and Sari, 2004; Colla et al., 2010; Petropoulos
et al., 2012; Huang et al., 2013). Our results show that the con-
centration of macronutrients in stem, leaf, and whole plant was
generally increased by rootstocks, especially for N, K, Ca, and
Mg. Similar results were also observed in previous study. The
concentration of N, K, and Mg in leaves was higher by 7.4%,
25.6%, and 38.8%, respectively, in grafted plants, in compari-
son with non-grafted watermelon plants (Rouphael et al., 2008).
Higher ion influx allows increased light energy transformation
efficiency, CO2 conductivity, dark reaction activity, and photo-
synthetic rate in the scion (Davis et al., 2008). Therefore, higher
uptake of mineral nutrition is an important explanation for the
improved growth of grafted plants, especially for plants that are
grafted onto pumpkin. Rootstocks are more vigorous than cul-
tivated varieties, and this feature promotes the widespread use
of rootstocks (Yamasaki et al., 1994; Sun et al., 2002; Qi et al.,
2006; Yetisir and Uygur, 2009; Savvas et al., 2010;
Sanchez-Rodriguez et al., 2014). Pumpkin-grafted plants are ef-
ficient in absorbing N, K, and Mg in comparison with bottle
gourd-grafted plants, possibly because of higher root surface area,
which is related to higher root number.
Micronutrients are essential for plant growth and involved in
virtually all metabolic and cellular functions, such as energy me-
tabolism, primary and secondary metabolism, cell protection, gene
regulation, hormone perception, and signal transduction and re-
production (Hansch and Mendel, 2009). In some cases, grafting
of fruit vegetables either decreases or exerts no effect on the
uptake of micronutrients (Edelstein et al., 2005; Rouphael et al.,
2008; Savvas et al., 2009). However, in comparison with the self-
rooted cultivars, certain rootstocks increase the efficiency of
grafted plants for the uptake and translocation of Fe and/or Mn
to the shoot (Rivero et al., 2004; Colla et al., 2010; Huang et al.,
2010). In the present study, correlation analysis (Table 8) showed
that stem dry weight was significantly correlated with Fe con-
centration (r = 0.65*) of the stem. Pumpkin grafting increased
leaf Fe and Mn concentration at all stages in comparison with
non-grafted plants, facilitating better growth of these plants.
4.2. Relationship between fruit yield and mineral nutrition
Rootstocks are reported to increase watermelon fruit yield
(Miguel et al., 2004; Bekhradi et al., 2011; Turhan et al., 2012).
In our study, each plant was maintained to a single fruit. The
fruit setting percentage was similar among three treatments (data
not shown). Therefore, watermelon fruit yield is dependent on
single fruit weight, which is promoted by rootstock, especially
for pumpkin. Results are in accordance with the report by Miguel
et al. (2004). In heated greenhouse experiments, grafted water-
melons on five rootstocks (bottle gourd and C. pepo) were
vigorous, and the yield was 25% higher than that of non-
grafted watermelon (Ioannou et al., 2002).
Leaves are the main photosynthetic organs, and higher mineral
nutrition is beneficial for the function of photosynthesis appa-
ratus. Correlation analysis shows that single fruit weight was
significantly correlated with N (r = 0.99***), K (r = 0.99***),
Ca (r = 0.99***), and Mg (r = 0.99***) concentration in leaves.
This finding suggests that higher uptake of N, K, Ca, and Mg
is important for increasing the single fruit weight of grafted wa-
termelon. Ruiz and Romero (1999) reported that grafting melon
on C. maxima × C. moschata cultivars resulted in increased N
uptake and yield. Similarly, Pulgar et al. (2000) showed that
pumpkin-grafted plants are efficient for N uptake and transport
to watermelon scions.
4.3. Relationship between fruit quality and mineral nutrition
In our study, the mineral composition of fruits (rind and flesh)
was significantly enhanced by rootstocks, especially in the rind,
suggesting that fruits of grafted plants possessed longer shelf
life and higher nutritive value. The fruit flesh harvested from
pumpkin-grafted plants contained higher N concentration com-
pared with bottle gourd-grafted and non-grafted plants. Similar
result was also observed in a previous study, in which pumpkin
grafting increased N concentration of flesh by 19.89% and 40.20%
in comparison with bottle gourd and non-grafted plants,
Table 8 Correlation coefficient between mineral nutrition and plant growth, single fruit weight and fruit quality
N P K Ca Mg Fe Mn Cu Zn
Root dry weight 0.95*** 0.88*** 0.88*** 0.92*** 0.97*** 0.56 0.32 0.04 −0.14
Stem dry weight 0.99*** 0.97*** 0.97*** 0.98*** 0.94*** 0.65* 0.11 −0.09 −0.15
Leaf dry weight 0.99*** 0.99*** 0.99*** 0.99*** 0.99*** 0.41 0.39 −0.11 −0.11
Single fruit weight 0.99*** 0.99*** 0.99*** 0.99*** 0.99*** 0.39 0.38 −0.10 −0.10
Rind firmness 0.04 −0.08 −0.06 −0.05 −0.07 −0.09 −0.09 −0.09 0.09
Rind thickness 0.98*** 0.44 0.42 0.41 0.38 0.29 0.17 0.08 0.01
Flesh hardness 0.74** 0.71* 0.70* 0.05 0.04 0.06 0.04 0.03 0.01
Taste −0.73* 0.70* 0.69* 0.06 0.04 0.07 0.03 0.02 −0.01
Soluble solids content −0.73* 0.70* 0.69* 0.06 0.05 0.07 0.01 0.01 −0.03
Note: Levels of significance are represented by *P < 0.05, **P < 0.01 and ***P < 0.001 (n = 9). Analyses of correlation were conducted between root dry weight
and mineral nutrition of root, stem dry weight and mineral nutrition of stem, leaf dry weight/single fruit weight and mineral nutrition of leaf, rind firmness and
mineral nutrition of rind, flesh hardness/taste/soluble solid content and mineral nutrition of flesh.
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respectively (Yetisir et al., 2013). The fruit flesh of pumpkin-
grafted plant was firmer, but the taste quality was lower than those
of bottle gourd-grafted and non-grafted plants. Higher firm-
ness in fruit flesh of pumpkin-grafted plants could be attributed
to high α-cellulose contents (Shinbori et al., 1981). Correla-
tion analysis showed that rind thickness is significantly correlated
with N concentration of the rind (r = 0.98***). Fruit flesh taste
(r = −0.73*) and total soluble solids content (r = −0.73*) were
significantly correlated with N concentration of the flesh. These
findings prove that excess N exerts a negative effect on fruit
quality, as reported by Stefanelli et al. (2010). Therefore, the de-
crease in the taste and soluble solids content of the fruit of
pumpkin-grafted watermelon plants, especially N, is attributed
to vigorous nutritional uptake, which results in vigorous growth
and probable delay in fruit ripening. If the fruits of pumpkin-
grafted plants were cut with the same ripening symptoms with
those of non-grafted plants, the fruits will possess the same content
of soluble solids and taste (Soteriou et al., 2014).
4.4. Growth stage and mineral nutrition
Numerous studies revealed that certain graft combinations are
significantly more efficient in absorbing and transporting nutri-
ents, such as N, K, Mg, Ca, Fe, or other micronutrients, to shoots
in comparison with non-grafted plants (Ruiz et al., 1997; Pulgar
et al., 2000; Rivero et al., 2004). Rootstocks with a higher ef-
ficacy of nutrients uptake require less fertilizer and may decrease
environmental pollution. Inadequate N is often the growth-
limiting nutritional stress in most agricultural soils (Xu et al.,
2012). In the present study, the relative concentrations of N:P:K
are 1.94:1.00:3.99 in the flesh of non-grafted, 1.93:1.00:3.38 in
bottle gourd-grafted, and 2.71:1.00:4.30 in pumpkin-grafted plants,
respectively. These results indicate that a large amount of N is
absorbed and distributed in the flesh of pumpkin-grafted plants.
Colla et al. (2011) suggested that grafting mini watermelon scions
onto selected rootstocks can be used as a quick and effective
method for improving productivity and nitrogen-use efficiency.
Therefore, to improve fruit quality, less nitrogen application can
be recommended after vine growth stage for pumpkin-grafted
watermelon plants.
In conclusion, grafting significantly increases plant growth
and yield of watermelon, especially when pumpkin rootstocks
were used. The mineral concentrations of pumpkin-grafted plants
are higher than those of bottle gourd-grafted and non-grafted
plants throughout the growth period. Nitrogen increment in the
leaf and flesh is the main reason for increasing plant growth and
decreasing fruit quality of pumpkin-grafted plants. Our results
suggest that the application rate of N fertilizer in fields can be
reduced to some extent at fruit development and ripening stage
when watermelon plants are grafted onto pumpkin. Water-
melon grafting onto suitable rootstocks can save inorganic
fertilizer, leading to efficient use of resources and reduction in
the cost of production.
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